Abstract Silicon nanoparticles which have an average size of 1 nm are synthesized using electrochemical methods and their stability under high temperature and humidity conditions have been investigated. These types of Silicon nanoparticles exhibit strong blue emission (centered around 420 nm) upon excitation with ultraviolet illumination. Standard heating procedures showed that, these nanoparticles in a liquid suspension (de-ionized water) are stable to heating and they retain characteristic emissions even at elevated temperatures. Thin solid films of such Silicon nanocrystals also show good stability under plasma and oxidizing environments at high temperatures.
Introduction
Luminescent Silicon particles have gathered immense interest for application possibilities in solid state lighting, full-color displays, optical sensors and as fluorescent tags for biological imaging. There are different methods for producing Si nanoparticles reported in the literature. It is possible to obtain Silicon nanoparticles using laser ablation from a solid source, with limited control on the particle size distribution [1, 2] . Chemical vapor deposition (CVD) methods are extensively investigated for producing Silicon nanoparticles [3, 4] , resulting in nanoparticles embedded in a host matrix such as SiO 2 or Si 3 N 4 . Such produced particles are then isolated into solution form by selective chemical removal of the host matrix. Since the CVD process is essentially a surface reaction, high volume production of nanocrystals is challenging. Researchers also produced Silicon nanocrystals by ionimplantation of Si species into SiO 2 layers followed by furnace annealing or rapid annealing processes [5, 6] . Swihart and co-workers reported a process to prepare macroscopic quantities of luminescent Silicon nanoparticles by laser pyrolysis of silane in He and H 2 ambient followed by wet oxidation and etching [7] . This technique initially yields red-orange luminescing particles. Blue luminescing particles are also possible by a post rapid thermal oxidation step. Teo et al. synthesized Silicon nanostructures using thermal evaporation of SiO powder using oxide assisted growth method. They demonstrate the strong effect of pH on the stability of Si nanostructures and they did report an optimum pH range for the Silicon nanostructures that are obtained using the above method [8, 9] . In this work, effects of pH of the solution on stability are not investigated.
Silicon nanoparticles' stability is crucial for successful process integration for exciting applications. Luminescing Silicon particles (\3 nm) that are free from a substrate (usually in a colloidal suspension) degrade over time mainly via the consumption of Silicon atoms by oxidation [10] . This is a significant issue for all of the preparation methods described above. For instance, Swihart et al [7] . investigate the stability of orange particles in colloidal suspensions at room temperature reporting a significant decay in photoluminescence intensity after several hours in water (several days in alcohol). They reportedly improve the stability of the particles by treatment in a chemical oxidizing ambient (HNO 3 solution), extending the degradation duration at room temperature [7] . However, there is no investigation about stability of Silicon particles at any harsh ambient conditions beyond room conditions. Also, any investigation of stability of blue particles is lacking.
A recent technique, reported by Nayfeh [11, 12] , is a high throughput and low cost method for producing Silicon nanoparticles of diameters less than 3 nm. This method is based on electrochemically etching bulk Silicon wafers using a mixture of hydrofluoric acid (HF), hydrogen peroxide (H 2 O 2 ) and methanol. Upon electrochemical etching, Silicon wafer becomes porous followed by the collection of Silicon nanoparticles from the surface by ultrasonic treatment.
Nayfeh et al. showed that 1-3 nm size Silicon nanoparticles fluoresce in blue, green and red wavelengths upon excitation with ultraviolet (UV) illumination [13] . Such nanoparticles are easily produced and they have numerous technological applications in addition to the ones listed above. Up to date, efficient UV photodetectors [14] , and metal-oxide-semiconductor (MOS) memory devices [15] , have been developed and reported in the literature. Researchers also investigated the effect of Silicon nanoparticles on the power conversion efficiency of solar cells. It has been shown that, 1 nm size (blue fluorescing) particles and 3 nm size (red luminescent) particles increase the power performance of solar cells up to 60 % in the UV/blue range. In the visible range the power enhancements turned out to be 10 % for the red and 3 % for the blue particles [16] .
Inspired by these research results, we prepared Silicon nanoparticles using a similar electrochemical method described by Nayfeh and co-workers [13, 17] . There is, to our knowledge, no report about the stability of optical properties of such eletrochemically prepared Silicon nanocrystals. In this work we investigate the effect of heating, humidity and plasma on optical properties of such pure Silicon nanocrystals both in liquid medium and as thin solid films.
Material and Methods
Silicon nanoparticles were obtained through anodization of bulk p-type Silicon wafer (0.01 ohm cm) in a mixture of H 2 O 2 /HF and methanol. A standart Keithley 2400 sourcemeter was used to maintain constant current (1-20 mA/cm 2 ) in the etching setup. After several hours (1-10 h) of etching process, the wafer was transferred to a glass vial filled with de-ionized (DI) water and the solution was sonificated with a commercial ultrasound bath. Large particles dislodged by the sonification were filtered out using a commercial 100 nm filter paper (Minisart High-Flow, 16553). Transmission electron microscopy (TEM) images of Silicon nanoparticles were taken using FEI Technai, G2 F30 type of electron microscope after drop casting the samples from solution on a Cu grid. Figure 1a -d shows 1-3 nm size crystalline Silicon nanoparticles. Particle size distribution and average particle size was obtained by a Malvern, Nano ZS type Zeta potential instrument. The average size of our Silicon nanoparticles determined by Zeta-Sizer instrument was *1 nm.
Stability of Silicon nanocrystals in both colloidal suspensions in liquid and thin film forms were investigated. For all cases, photoluminescence (PL) intensities were monitored after each treatment with a VARIAN (Cary Eclipse) spectrofluorometer instrument. Throughout the analysis presented here, there was no attempt made to separate particles of different sizes, which could be very challenging for particles of sizes such as ones that are reported in the manuscript (several nanometers) and deserve a separate investigation. Measurements were done on the solutions with a distribution of various size particles as shown in TEM images. We did not study the effect of size on the stability of electrochemically obtained Silicon nanoparticles.
Results and Discussions

Stability of Silicon Nanocrystals in Liquid Medium
In order to investigate the stability of Silicon nanocrystals in aqueous medium, Silicon crystals in DI water are collected inside a glass vial and heated using a commercial heater at the boiling temperature of water (100°C). The colloidal solutions were heated consecutively for 15 min, 1 h and 3 h at 100°C, and PL measurements were obtained upon excitation with 250 nm and 300 nm wavelength photons. 300 nm excitation gave a broader PL emission compared to 250 nm excitation. Recorded PL intensities for 250 nm and 300 nm excitation are plotted in Fig. 2a and b , respectively. 300 nm excitation gave a broader PL emission compared to 250 nm excitation. We think that, photons with different energies Silicon Nano-particles with High Resistance 969 excite electrons from the valence band to different states in the conduction band which lead to different relaxation patterns. We believe that, this accounts for different PL emissions upon different wavelength excitations. Particles obtained by the above described method are shown to be Hydrogen (H-) terminated [16, 18] . The blue-luminescence from such small (*1 nm) particles is attributed to the presence of Hydrogen (H) bonds (i.e. H-termination) [10] . Friesner et. al. show that Oxygen terminated nanocrystals of such sizes characteristically luminesce at yellow-red colors [10] . The lack of any observable change in the spectrum and the characteristic blue luminescence is, attributed to the stable H-termination of Silicon nanoparticles compared to fast decrease in luminescence efficiency of such particles produced by other techniques even at room temperature [7] .
Stability of Thin Film Silicon Nanocrystals
Thin solid films of Silicon nanocrystals were prepared by dropcasting nanocrystal colloidal solution on a quartz substrate followed by evaporating DI water via heating at 50°C. In order to investigate stability of nanoparticles to harsh conditions such as oxygen plasma, we used plasma enhanced chemical vapor deposition (PECVD) tool and commercial plasma asher system (NANOPLAS, DSB 6000) available at UCF (UNAM cleanroom facilities). Since thin films were prepared by dropcasting, nanocrystal concentration on quartz substrate surface was non-uniform. Consecutive PL measurements were conducted after a best effort to focus the excitation beam on the same spot each time.
PECVD Treated Thin Solid Films
Thin film samples were treated at 250°C (the highest available with this tool) with an O 2 flux of 50 sccm (standard cubic centimeter) and an RF power of 9 W. Figure 3a and b show PL data obtained from an initial (untreated) sample and from a sample which was treated with PECVD tool for 2 h, at 250 nm and 270 nm excitation, respectively. PL measurements were obtained using a 2.5 % attenuator in order to prevent the oversaturation of the emission peaks. Thin solid samples show emissions at blue wavelengths similar to the liquid samples, however PL measurements from solid samples exhibit additional peaks which we believe are due to strong reflection of the second harmonic of the excitation source beam. These peaks are highlighted as ''second order harmonics'' on the figures. The results show that the spectral emission characteristics of Silicon nanocrystals remain unchanged Silicon Nano-particles with High Resistance 971 for significant blue particles, an indication of presence of H-termination. The slight decrease in PL intensity is attributed to non-uniform concentration of nanoparticles on the substrate due to drop casting deposition.
Asher Treated Thin Solid Films
Prepared thin film samples were treated at 180°C with an O 2 flux of 50 sccm and RF power of 9 watts, inside the Nanoplas asher tool. Figure 4a and b show PL data obtained from an untreated sample and from a sample treated with the asher for 2 h, at 250 nm and 270 nm excitation, respectively. Once again, PL measurements were obtained using a 2.5 % attenuator in order to prevent the oversaturation of the emission peaks. Similar to PECVD treatment, the consistent spectral PL characteristics and the strong component in the blue wavelength indicate H-termination and lack of Si-O bonds. The slight increase in PL intensity is again attributed to non-uniform concentration of Silicon nanoparticles due to drop casting. It has been reported in the literature that, these types of electrochemically obtained Silicon nanoparticles are spherical and they have two shell structures (outer shell and inner shell). They have an outer shell which has fullerene like . We believe that, this structure accounts for the high stability of these nanoparticles. Since the PL spectrum does not red shift upon treatment, we beleive that H-termination is maintained [6, 7] .
Conclusions
Stability of electrochemically prepared Silicon nanocsrystals is investigated in liquid form by thermal heating in aqueous solution. Also, the effect of high temperature oxygen plasma on luminescence characteristics of such particles is investigated. Ultra-small (*1 nm) particles prepared by anodization of Si wafers are extremely durable at harsh conditions, required for potential process integration, verified by the spectral photoluminescence characteristics. The stability of such nanoparticles are attributed to the fullerene like outer shell and the highly coordinated inner shell structure. 
